Protein O-GlcNAcylation, which is controlled by O-GlcNAc transferase (OGT) and O-GlcNAcase (OGA), has emerged as an important posttranslational modification that may factor in multiple diseases. Until recently, it was assumed that OGT/ OGA protein expression was relatively constant. Several groups, including ours, have shown that OGT and/or OGA expression changes in several pathologic contexts, yet the cis and trans elements that regulate the expression of these enzymes remain essentially unexplored. Here, we used a reporter-based assay to analyze minimal promoters and leveraged in silico modeling to nominate several candidate transcription factor binding sites in both Ogt (i.e. the gene for OGT protein) and Mgea5 (i.e. the gene for OGA protein). We noted multiple E2F binding site consensus sequences in both promoters. We performed chromatin immunoprecipitation in both human and mouse cells and found that E2F1 bound to candidate E2F binding sites in both promoters. In HEK293 cells, we overexpressed E2F1, which significantly reduced OGT and MGEA5 expression. Conversely, E2F1-deficient mouse fibroblasts had increased Ogt and Mgea5 expression. Of the known binding partners for E2F1, we queried whether retinoblastoma 1 (Rb1) might be involved. Rb1-deficient mouse embryonic fibroblasts showed increased levels of Ogt and Mgea5 expression, yet overexpression of E2F1 in the Rb1-deficient cells did not alter Ogt and Mgea5 expression, suggesting that Rb1 is required for E2F1-mediated suppression. In conclusion, this work identifies and validates some of the promoter elements for mouse Ogt and Mgea5 genes. Specifically, E2F1 negatively regulates both Ogt and Mgea5 expression in an Rb1 protein-dependent manner.
The posttranslational O-linked N-acetylglucosamine (O-
modification occurs in a variety of cellular proteins and is known to be an important metabolic sensor in all metazoans. Alterations in O-GlcNAc levels occur in several diseases, including heart failure, diabetes, cancer, and neurodegenerative disorders (1) (2) (3) (4) (5) . Evidence suggests that changes in O-GlcNAc levels play a critical role in protein activity, stability, and localization (6 -9) . Using the substrate uridine diphosphate N-acetylglucosamine (UDP-GlcNAc), the enzyme O-GlcNAc transferase (OGT) adds the GlcNAc moiety to serine and threonine residues, whereas O-GlcNAcase (OGA) removes it. Embryonic lethality and developmental delay observed by genetic deletion of Ogt or Mgea5 demonstrates the critical role of these enzymes in O-GlcNAc cycling (10, 11) . We (1), along with others (12) (13) (14) , have observed alterations in the expression level of OGT and OGA protein along with concomitant protein O-GlcNAc modification in various pathological conditions. We recently reported that the up-regulation of miR-539 could be a mechanism for decreased OGA level in the infarcted mouse heart (15) . Another study showed that increases in O-GlcNAc levels by pharmacological inhibition of OGA increased OGA expression through the O-GlcNAc modification of RNA polymerase II, whereas OGT levels decreased (13) . Thus, changes in OGT/OGA protein expression occur; however, molecular mechanisms that regulate the expression of these enzymes remain to be elucidated. To characterize the promoter region of Ogt and Mgea5, we used a luciferase reporter system and identified the minimal promoter region based on the reporter activity. The transcription factors that bind to the delineated promoter regions were identified using the MatInspector program (16) . Among the list of transcription factors, the E2F transcription factor binding sites were observed in both Ogt and Mgea5 promoter regions. The E2F family members (E2F1 to E2F8) form heterodimers with dimerization partner members and regulate gene transcription. Among the E2Fs, E2F1 to -3 are often referred to as activators, and E2F4 and -5 are often referred to as repressors (17) . The tumor suppressor retinoblastoma (Rb) pocket proteins (pRb/Rb1, p107, and p130) are also known to bind to E2F transcription factors in a phosphorylation-dependent manner and control its function (18 -20) . E2F1, in particular, is known to play an important role in activating the expression of a wide spectrum of genes that are involved in the cell cycle, nucleotide biosynthesis, and apoptosis (21) (22) (23) (24) . E2F1 directly represses several genes, including human TERT (telomerase reverse transcriptase) and Mcl-1 (anti-apoptotic protein myeloid cell leukemia sequence 1) (25, 26) . Interestingly, E2F1 is involved in the repression of key genes that regulate energy homeostasis and mitochondrial function (27) . These results suggest that E2F1 can activate or repress various target genes. Here, we identified the minimal promoter sequences of mouse Ogt and Mgea5 that confer transcriptional activity. Taken together, our results demonstrate the basal promoter element of Ogt and Mgea5 and identified E2F1 transcription factor in their regulation.
Experimental Procedures
Cell Culture-HEK293, H9c2, and 3T3 L1 cells were grown in DMEM containing 10% fetal bovine serum and penicillin/ streptomycin. The HEK293 and H9c2 cells were plated overnight at 70% confluence and then used for transient transfection and reporter assays. Dr. Douglas C. Dean (University of Louisville) provided wild type and E2F1-deficient (E2F1 Ϫ/Ϫ ) mouse adult fibroblasts (MAFs), and Dr. Brian F. Clem (University of Louisville) supplied wild type and Rb1-deficient (Rb1 Ϫ/Ϫ ) mouse embryonic fibroblasts (MEFs). Both MAF and MEF cells were maintained in DMEM containing 10% fetal bovine serum.
Promoters and Plasmids-To characterize the core promoter region of mouse Ogt and Mgea5, we used a luciferase reporter system to analyze an about 1000-bp sequence upstream of the putative transcriptional start site (TSS). A series of 5Ј truncations were made to further narrow down the promoter activity. These included the 5Ј-flanking regions of full-length Ogt having SacI and XhoI restriction enzyme sites (Ϫ1419 to ϩ233 bp, Ϫ698 to ϩ233 bp, Ϫ294 to ϩ233 bp, Ϫ178 to ϩ233 bp, Ϫ105 to ϩ233 bp, and Ϫ66 to ϩ233 bp) and the 5Ј-flanking regions of Mgea5 having KpnI and HindIII restriction enzyme sites (Ϫ1034 to ϩ181 bp; Ϫ582 to ϩ181 bp; Ϫ407 to ϩ181 bp, and Ϫ48 to ϩ181 bp). These 5Ј-flanking regions were PCR-amplified with specific primers (Table 1 ) using mouse genomic DNA and then cloned into a pGL3-basic luciferase reporter vector (Promega). E2F binding sites in the pGL3-Ogt (Ϫ178 to ϩ233 bp) and pGL3-Mgea5 (Ϫ407 to ϩ181 bp) promoter constructs were mutated using specific primers with base substitution at the conserved core sites ( Table 2 ). The PureYield TM plasmid miniprep system (Promega) was used for small scale plasmid extraction, and the sequence was verified. Large scale plasmid purification for downstream transfection experiments was carried out using the QIAfilter TM plasmid midi kit (Qiagen). The pCMVHA E2F1 was obtained from Addgene (plasmid 24225), and the pCMVHA plasmid vector was used as the transfection control (22) .
Transcription Factor Binding Sites Predictions-Transcription factor binding sites for the delineated Ogt and Mgea5 promoter regions were identified using the MatInspector program. Only predicted transcription factor binding sites with a core matrix similarity of Ն0.95 and an overall matrix similarity of Ն0.90 were considered significant. 
Primers Sequences
Cloning primers 
Transient Transfection and Luciferase Reporter Assay-HEK293 cells plated in 12-well plates at 70% confluence were transiently transfected with the full-length and 5Ј truncations of the Ogt and Mgea5 promoters (500 ng/well) using Lipofectamine 2000 transfection reagent according to the manufacturer's guidelines (Thermo Fisher Scientific). To determine the effect of E2F1, wild type and mutated E2F site 5Ј-flanking constructs of Ogt (Ϫ178 to ϩ233 bp) and Mgea5 (Ϫ407 to ϩ181 bp) were cotransfected with E2F1 expression plasmid (pCMVHA E2F1; 500 ng/well) or control plasmid (pCMVHA). The pRL-CMV Renilla luciferase control vector (Promega) was used as the transfection control (20 ng/well). Firefly and Renilla luciferase reporter activities were assessed using the Dual-Luciferase reporter assay system (Promega) 24 h after transfection. Luminescence was detected using the Glomax luminometer (Promega), and the resulting measurements from the firefly luciferase were normalized to the Renilla luciferase. Relative light units were calculated using readouts from the pGL3-basic (promoterless) vector.
Quantitative Real-time PCR Analysis-Total RNA was isolated using TRIzol reagent according to the manufacturer's instructions (Thermo Fisher Scientific). cDNA synthesis from the extracted RNA was performed using the High Capacity cDNA synthesis kit (Thermo Fisher Scientific). Relative levels of Mgea5 and OGT mRNA were examined with specific primers (Table 1) using FastSYBR Green (Applied Biosystems) and normalized to levels of 18S mRNA. All quantitative RT-PCRs were performed in quadruplicate, and expression level was calculated using the comparative C T (⌬⌬C T ) method.
Western Blotting-The whole cell lysate from the HEK293, MEF, and MAF cells was separated in 4 -12% NuPAGE BisTris gels by electrophoresis, transferred to PVDF membrane, and probed for E2F1, Rb, OGA (200 ng/ml; sc-193, sc-50, and sc-135093, Santa Cruz Biotechnology, Inc.), OGT (500 ng/ml; O6264, Sigma), O-GlcNAc (3 g/ml; CTD 110.6, Covance), and ␣-tubulin (500 ng/ml; Sigma) followed by secondary antibody (Santa Cruz Biotechnology) using a standard protocol as described earlier (15) . The membranes were exposed with FIGURE 1. Schematic diagram for the Ogt promoter fragments spanning from ؊1419 to ؉233 bp. A, the 5Ј-truncated DNA fragments were cloned upstream of the firefly luciferase (LUC) reporter gene in the pGL3-basic vector. B, the truncated fragments were transfected into HEK293 and H9c2 cells, and the luciferase activity was measured 24 h post-transfection. The results are presented as relative luciferase units (RLU) (firefly luciferase/Renilla luciferase). Significant promoter activity was observed from Ϫ66 to ϩ233 bp. All data are presented as the mean Ϯ S.D. (error bars) from triplicate measurements (p Ͻ 0.001). C, phylogenetic conservation analysis of the human OGT promoter (around 1000 bp) using the UCSC Genome Browser (version hg19) showed that the region around Ϫ200 to ϩ300 bp is highly conserved among vertebrate species. Positive peaks indicate conserved bases, and the height of the peak denotes level of conservation. Dotted line and arrow, conserved region and gene orientation, respectively.
WesternPlus ECL substrate, and the densitometry analysis was performed on a Fuji LAS-3000 bioimaging analyzer.
Chromatin Immunoprecipitation (ChIP) Assay-The ChIP assay was performed using a ChIP assay kit (Millipore) according to the manufacturer's instructions. In brief, 1 ϫ 10 6 3T3 L1 and HEK293 cells were cross-linked with 1% formaldehyde for 10 min at 37°C and washed twice with ice-cold PBS containing protease inhibitor mixture (Sigma). The nuclei were isolated using SDS lysis buffer and sonicated to shear the DNA into fragments of 500 bp to 1 kb and diluted in ChIP dilution buffer. The chromatin complexes were immunoprecipitated overnight in a rotator at 4°C with E2F1 (sc-193 X), polymerase II (sc-899 X), and control IgG (sc-2029) antibodies (Santa Cruz Biotechnology). The immune complexes were incubated with Protein A-agarose/salmon sperm DNA for 1 h at 4°C with constant rotation and washed sequentially with low salt buffer, high salt buffer, and LiCl buffer. Finally, they were eluted with elution buffer and reverse cross-linked by heating to 65°C for 4 h followed by incubation with proteinase K at 45°C for 1 h. The reverse cross-linked input chromatin was used as the control. The DNA was purified using the GenElute TM PCR cleanup kit (Sigma) and was then subjected to PCR using specific primers (Table 1) . Statistical Analysis-Statistical analyses were conducted using GraphPad Prism version 5.0d software. Student's paired t test was used for comparisons between two groups, or analysis of variance was performed when comparisons were made among three or more groups along with Bonferroni's post hoc analysis. The results were expressed as mean Ϯ S.D., and p Ͻ 0.05 was accepted as statistically significant.
Results

Identification of Promoter Regions of Ogt and Mgea5-To
identify the DNA sequences important for promoter activity of the Ogt and Mgea5 genes, a series of reporter constructs with 5Ј-flanking regions of mouse Ogt (Chr X; NC_000086.7) and Mgea5 (Chr19; NC_000085.6) were cloned into pGL3-basic luciferase reporter plasmid (Figs. 1A and 2A) . Each plasmid having the truncated promoter was transfected into HEK293 and H9c2 cells and analyzed for luciferase activity. From the Ogt 5Ј-flanking region, the fragment from Ϫ66 to ϩ233 bp showed significant reporter activity, and the highest activity was C, phylogenetic conservation analysis of the human MGEA5 promoter (around 1000 bp) using the UCSC Genome Browser (version hg19) showed that the region around Ϫ300 to ϩ600 bp of MGEA5 is highly conserved among vertebrate species. Positive peaks indicate conserved bases, and the height of the peak denotes the level of conservation. Dotted line and arrow, conserved region and gene orientation, respectively.
observed with the Ϫ178 to ϩ233 bp fragment (Fig. 1B) . In the Mgea5 5Ј-flanking region, the fragment from Ϫ48 to ϩ181 bp showed significant reporter activity, which was further enhanced in the Ϫ407 to ϩ181 bp fragment (Fig. 2B) . These findings suggest that the Ϫ66 to ϩ233 bp region in Ogt and the Ϫ48 to ϩ181 bp region in Mgea5 are core promoter regions required for expression of these genes. Further 5Ј-truncations revealed distal promoter elements. Phylogenetic conservation analysis revealed that the regions of Ogt around Ϫ200 to ϩ300 bp and around Ϫ300 to ϩ600 bp of Mgea5 are highly conserved among vertebrates (Figs. 1C and 2C) .
E2F1 Binds to Ogt and Mgea5
Promoters-Comprehensive analysis of transcription factors binding to the promoter region of mouse Ogt (Ϫ178 to ϩ233 bp) and Mgea5 (Ϫ407 to ϩ181 bp) was performed with the MatInspector algorithm. Several ubiquitous transcription factors, such as USF (upstream transcription factor), Sp (specificity protein), AP (activating protein), and E2F transcription factors, were predicted to bind both Ogt and Mgea5 promoter elements. From those, multiple E2F family transcription factor binding sites were observed, leading us to further evaluate the role of E2F transcription factors in Ogt and Mgea5 expression (Fig. 3, A and B) . The analysis of tran- A, B, D , and E, E2F transcription factors binding sites for the delineated mouse Ogt (Ϫ178/ϩ233 bp) and Mgea5 promoter region (Ϫ407/ϩ181 bp) and the human OGT (Ϫ350/ϩ238 bp) and MGEA5 promoter region (Ϫ300/ϩ443 bp) were identified using the MatInspector program, and the schematic diagram shows possible E2F transcription factor binding sites (white bar). C and F, ChIP analysis was done by incubating a 3T3 L1 and HEK293 chromatin complex with E2F1 antibody, and the PCR analysis for OGT and Mgea5 promoter region showed direct binding of E2F1. DECEMBER 25, 2015 • VOLUME 290 • NUMBER 52 scription factor binding sites in human OGT (Ϫ350 to ϩ238 bp) and MGEA5 (Ϫ300 to ϩ443) promoter regions showed multiple E2F transcription factor binding sites (Fig. 3, D and E) . Among the E2F transcription factors, E2F1 plays an important role in various cellular processes, including metabolism. To determine the transcriptional regulation of the Ogt and Mgea5 promoters by E2F1, we cotransfected the luciferase promoter reporter containing wild type or mutated E2F binding sites (Ogt, 178 to ϩ233 bp; Mgea5, Ϫ407 to ϩ181 bp) along with pCMVHA E2F1 or pCMVHA control plasmids. Overexpression of E2F1 significantly decreased luciferase activity in both the wild type Ogt and Mgea5 reporter plasmids but not when E2F binding sites were mutated. We also observed significantly elevated luciferase activity in the mutants compared with their wild type reporter plasmids (Fig. 4, A and B) . To further verify the binding of E2F1 to the mouse and human Ogt/OGT and Mgea5/MGEA5 promoter motifs in vivo, ChIP analysis was performed. DNA recovered from the ChIP assay was subjected to PCR amplification containing E2F1 binding sites. As shown in Fig. 3 (C and F) , E2F1 was identified to bind directly to both the OGT and MGEA5 promoters in vivo.
E2F1 Regulates OGT and OGA Expression
Ectopic Expression of E2F1 Decreased OGT and MGEA5 Expression-To evaluate the effect of the E2F1 transcription factor, the E2F1 expression plasmid construct was transiently transfected in HEK293 cells and analyzed for OGT and OGA expression. Fig. 5A shows significantly increased E2F1 expression upon transfection. The qPCR results for OGT and MGEA5 showed significantly decreased mRNA levels at 12 h compared with the control vector (Fig. 5B) . Western blot analysis was performed after 48 h of transfection and showed decreased OGT and OGA protein expression compared with the control vector (Fig. 5, C and D) . These results indicate that E2F1 represses OGT and MGEA5 expression at both mRNA and protein levels. We observed that the O-GlcNAc level was not altered upon changes in the OGT and OGA level by E2F1 expression (Fig. 5E) .
Deletion of E2F1 Increased Ogt and Mgea5
Expression-To further examine the effect of E2F1 on OGT and OGA expression, we used MAFs that lack E2F1. Western blot analysis confirmed the absence of E2F1 in the E2F1 Ϫ/Ϫ MAFs (Fig. 6A ). WT and E2F1
Ϫ/Ϫ MAFs were grown in normal culture media to around 70% confluence, and the RNA and protein were analyzed for Ogt and Mgea5 expression. The qPCR analysis showed significantly elevated Ogt and Mgea5 mRNA expression in E2F1 Ϫ/Ϫ cells compared with WT MAFs (Fig. 6B) . Similarly, immunoblotting revealed significantly increased levels of both OGT and OGA protein in E2F1 Ϫ/Ϫ cells compared with WT MAFs (Fig. 6, A and C) . Interestingly, we observed significantly reduced O-GlcNAcylation in the E2F1 Ϫ/Ϫ cells compared with WT cells (Fig. 6D) .
Rb1 Required for E2F1-mediated Ogt and Mgea5
Repression-To determine the role of Rb1 in Ogt and Mgea5 expression, we assessed Ogt and Mgea5 levels in wild type and Rb1-deficient MEFs. Western blot analysis confirmed the loss of Rb1 expression in Rb1 Ϫ/Ϫ MEFs (Fig. 7A) . The qPCR analysis showed significantly elevated Ogt and Mgea5 mRNA expression in Rb1 Ϫ/Ϫ cells compared with WT cells (Fig. 7B) . Western blot analysis showed a significant increase in both OGT and OGA protein levels in Rb1 Ϫ/Ϫ cells compared with WT cells (Fig. 7, C and D) ; however, global protein O-GlcNAcylation was not altered in the Rb1 Ϫ/Ϫ cells compared with WT cells (Fig.  7E) . To further analyze whether Rb1 is required for E2F1-mediated repression, we overexpressed E2F1 in the Rb1 Ϫ/Ϫ cells and evaluated the expression of Ogt and Mgea5. Fig. 8A shows a significant increase expression of E2F1 in Rb1 Ϫ/Ϫ cells that were transiently transfected with the E2F1 plasmid. The mRNA and protein levels of both Ogt and Mgea5 were not altered with the expression of E2F1 in Rb1 Ϫ/Ϫ cells compared with control plasmid-transfected cells (Fig. 8, B, C, and  D) . Western blot analysis showed unaltered protein OGlcNAcylation in the E2F1-transfected Rb1 Ϫ/Ϫ cells compared with control (Fig. 8E) .
Discussion
The dynamic reversible O-GlcNAc modification is a key regulator of various cellular processes from cellular signaling to FIGURE 4. E2F1 reduced reporter activity in truncated Ogt (A) and Mgea5 (B) plasmids. The wild type and mutated E2F binding site pGL3 reporter plasmids of Ogt (Ϫ178/ϩ233 bp) and Mgea5 (Ϫ407/ϩ181 bp) were cotransfected with E2F1 expression plasmid in HEK293 cells and analyzed for reporter activity. The luciferase assay showed a significant decrease in the reporter activity of wild type Ogt (n ϭ 4; p Ͻ 0.01) and Mgea5 (n ϭ 4; p Ͻ 0.01) with E2F1 overexpression. The mutation in the E2F binding sites showed significantly increased reporter activity in both Ogt (n ϭ 4; p Ͻ 0.05) and Mgea5 (n ϭ 4; p Ͻ 0.01), whereas the E2F1 overexpression did not significantly alter luciferase activity of mutant reporter plasmids. RLU, relative luciferase units. Error bars, S.D.
development. O-GlcNAcylation is a cytoprotective response in various cell types, including cancer cells under metabolic and oxidative stress (4, 28, 29) . In addition to changes in the glucose flux, alterations in OGT/OGA protein expression occur in chronic diseases, such as heart failure, diabetes, cancer, and neurodegenerative disorders (12, 15, 30, 31) . Thus, delineation DECEMBER 25, 2015 • VOLUME 290 • NUMBER 52 of promoter elements for Ogt and Mgea5 and evaluation of the transcription factors by which these promoter elements are regulated remain an unmet need.
E2F1 Regulates OGT and OGA Expression
In the present study, conserved putative transcription binding motifs were analyzed between humans and mice, which showed conserved E2F transcription factor binding sites in both Ogt and Mgea5. An in vivo ChIP assay demonstrated the direct binding of E2F1 transcription factor to the Ogt and Mgea5 promoters. Overexpression of E2F1 could repress exogenous luciferase reporter activity and endogenous protein levels. Constitutive knock-out of E2F1 or Rb1 led to increased expression of Ogt and Mgea5. Taken together, our results dem- onstrated the basal promoter elements of Ogt and Mgea5 and highlighted the potential role of E2F1 transcription factor in their regulation.
In addition, we report Ogt and Mgea5 promoter elements and the DNA sequences required for their basal expression. The Ogt promoter has a TATA box (TATAAC) immediately upstream of the TSS (Ϫ13 bp) in the proximal region, whereas the Mgea5 promoter does not. That truncation with the TATA box significantly increased reporter activity suggests that the TATA box facilitates transcription of Ogt. On the other hand, the significant reporter activity of the TATA-less region (Ϫ48/ϩ181 bp) in the Mgea5 promoter element showed that the TATA box might not be required for the basal transcription of Mgea5. We noticed that the Mgea5 core promoter is rich in G/C content. Genome-wide analysis of mammalian promoters revealed that only a minority (Ͻ10%) of genes have a classical TATA box (32) . In the present study, we defined the regions from Ϫ66 to ϩ233 bp of Ogt and from Ϫ48 to ϩ181 bp of Mgea5 as the core promoters. In addition, we analyzed possible transcription factors bound to the promoter regions and identified E2F1 as a repressor for both Ogt and Mgea5.
A myriad of cellular proteins involved in critical functions like mitosis, DNA repair, development, and differentiation are controlled by ubiquitously expressed E2F family members (33) (34) (35) . As a metabolic/stress sensor/signal, protein OGlcNAcylation is a key part of numerous cellular processes, making it critical to understand how Ogt and Mgea5 are regulated by E2F transcription factors that have shared DNA binding elements. Previous ChIP on chip analysis in different cell types showed common consensus sequences (TTTSSCGC or BKTSSCGS, where S represents C or G, B is C or G or T, and K is G or T) for E2F transcription factors in many targets (36, 37) . Ogt and Mgea5 genes are predicted to have E2F transcription factor binding sites in their core and distal promoter elements, and in vivo ChIP analysis confirmed the binding of E2F1 to Ogt and Mgea5 promoter regions.
In general, E2F1 is classified as an activator protein that increases the transcription of genes. In our study, overexpression of E2F1 showed decreased levels of OGT and OGA protein expression, which suggests that E2F1 may act as a repressor in Ogt and Mgea5 regulation. It is well documented that association of retinoblastoma proteins (pRB/Rb1, p107, and p130) with E2F inhibits the expression of E2F-regulated genes by blocking its binding to promoters or by recruitment of repressors like histone deacetylases and methyltransferase (38, 39) . In our present study, we observed a significant reduction in the reporter activity by overexpression of E2F1 with Ogt and Mgea5 promoter reporters. In addition, mutation of E2F binding sites in the reporter constructs increased reporter activity, which suggest that E2F1 has a suppressive effect on Ogt and Mgea5 promoters. The significantly reduced OGT and Mgea5 transcript and protein levels upon ectopic E2F1 expression confirm that E2F1 plays an important role in the regulation of Ogt and Mgea5 expression. Recently, Wells et al. (40) reported that during the G 1 phase of the cell cycle, E2F1-associated pRB is O-GlcNAc modified during hypophosphorylated conditions. Others reported that O-GlcNAcylation was increased in a serum-stimulated cell cycle and deceased upon release from G 2 /M arrest (11) . Taken together, these findings suggest that the activity of E2F1 could be regulated by O-GlcNAcylated or phosphorylated pRB, thereby tightly regulating Ogt and Mgea5 expression. Increased expression of Ogt and Mgea5 (mRNA and protein) in the E2F1 Ϫ/Ϫ MAFs and Rb1 Ϫ/Ϫ MEFs confirmed that both E2F1 and Rb1 play an important role in regulating Ogt and Mgea5 expression. It is interesting to note the significant reduction in O-GlcNAcylation in E2F1 Ϫ/Ϫ MAFs, which could be ascribed to higher expression of OGA protein (2.2-fold) over that of OGT (1.8-fold) compared with WT cells. Because E2F1 deficiency could have other effects that indirectly affect O-GlcNAcylation, the aforementioned explanation remains speculative. Although global protein O-GlcNAcylation is not changed in Rb1 Ϫ/Ϫ MEFs, the Rb1 Ϫ/Ϫ MEFs exhibit apparently different patterns of O-GlcNAcylation compared with WT MEFs (Fig. 7E) , which might be due to alteration in the specific protein expression or O-GlcNAcylation per se. Further studies are required to clarify whether and how Rb1 association interferes with E2F1 activity on Ogt and Mgea5 expression under various stress and cellular states and to evaluate whether the alteration of O-GlcNAcylation affects E2F1 and its interaction with other associated proteins.
In conclusion, we characterized the promoter elements of mouse Ogt and Mgea5 and identified E2F1 as an important transcription factor that regulates Ogt and Mgea5 expression by binding directly to their promoter regions. It is important to determine the effects of other E2F family members and to evaluate the transcription factors that regulate Ogt and Mgea5 expression. Our findings offer new insights into transcriptional regulation of Ogt and Mgea5, which may be explored to further our understanding of disease context-specific pathophysiology.
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